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The principle of dual-energy x-ray grating phase-contrast imaging (DEPCI) is clarified by using the theory of x-ray
interference and Fresnel diffraction. A new method of retrieving phase from the two interferograms is proposed for DEPCI,
and its feasibility is verified via simulation. Finally, the proposed method applied to DEPCI experiment demonstrates the
effectiveness of the method. This paper lays the theoretical foundation for performance optimization of DEPCI and the
further integration of DEPCI and computed tomography.
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1. Introduction
Traditional x-ray imaging is based on the varied absorp-

tion of x-rays by the different materials in the object of inter-
est. While it is widely used in medical imaging and industrial
non-destructive testing, the poor absorption of x-rays by soft
tissues in organisms, such as in ligaments and tumors, results
in poor absorption contrast. Fortunately, phase contrast imag-
ing can compensate for this deficiency. Absorption and phase
contrast of x-rays result from the attenuation of their ampli-
tudes and shifts of their phases, respectively. Upon exposure
to hard x-rays (0.01 nm–0.1 nm), the shift of phase is at least
three orders of magnitude higher than that caused by the at-
tenuation of amplitude. Even for thin specimens, the presence
of light elements can cause an obvious phase contrast. This
means that phase-contrast imaging can achieve more detailed
imaging of specimens that are unrecognizable when imaged by
absorption contrast. Therefore, for objects composed of light
elements, detecting a shift of phase is easier and more efficient
than detecting an attenuation of the amplitudes.

Since the late twentieth century, various forms of x-ray
phase-contrast imaging have gradually been developed. Al-
though the crystal interferometer[1] and free-space propaga-
tion techniques[2] yield ideal results for specific problems,
none of them has found wide applications in medical or in-
dustrial area, which typically require the use of a laboratory
x-ray source, a large imaging field of view and good imaging
system stability. Grating phase contrast imaging represented
by the Talbot–Lau interferometer[3] can solve the above prob-
lems. However, its corresponding method of retrieving the
phase, called “phase stepping”, requires the multi-stepping

of the grating in its single period with the sample existing,
which will bring two limitations. The first limitation is that
the objects need to be exposed to x-rays at least three times
( generally 5–11 times), prolonging the data acquisition time,
and causing the ionizing x-ray radiation to be absorbed ex-
cessively, which may leads organisms to suffer from genetic
disease or even carcinosis. The second limitation is that the
grating must be moved in micron-sized steps, thus requiring a
high-level mechanical precision. The reduction of radiation
doses during x-ray imaging and the number of phase steps
have been a focus of recent investigation.

Zhu et al.[4] proposed a method of projecting objects for-
ward and backward without a stepping device for grating in
2010. Their method reduces the exposure time but requires
high grating uniformity. Liu et al.[5] proposed a two-step
method by combining the analyzer grating with fluorescent
screen in 2010. However, a stepping device was still required.
In 2017, for free-space propagation techniques, Wang et al.[6]

proposed an excellent method, which is expected to be used
in zero-step grating phase contrast imaging. In 2010, Kot-
tler et al.[7] applied the dual-energy modality of the tradi-
tional x-ray imaging to the Talbot–Lau interferometer, thus en-
abling the phase contrast imaging to discriminate the informa-
tion about the specific material composition. With this back-
ground, Rong[8] et al. proposed the dual-energy x-ray grating
phase contrast imaging (DEPCI) with a dual-energy analyzer
grating[9] in 2018. With omitting the stepping device, only
the working energy in the DEPCI system needs to be changed
once in the imaging experiment. However, accurate theoretical
calculations have not yet been made for this method of retriev-
ing the phase. In this paper, the theoretical framework of DE-
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PCI is first elaborated. Furthermore, a new method of retriev-
ing the phase is proposed. The relevant simulation and exper-
imental results demonstrate the effectiveness of this method.

2. Theoretical background
As shown in Fig. 1, the DEPCI system is composed of a

normal x-ray source, a source grating G0, a phase grating G1,
a dual-energy analyzer grating G2, and a charge coupled de-
vice (CCD) detector. The object is placed near the front of G1.
All components are centrally coaxial. The G0–G1 distance, l,
is larger than G1–G2 distance, d.

S

l

d

normal 
x rays

one pixel

z

x

y

z

CCD detector

G0

G1
G2

Fig. 1. Model of DEPCI system.

The source grating G0 divides the normal x-rays into sev-
eral slit x-rays. In particular, x-rays within the same slit are
coherent. The Talbot effect occurs when the spatial coherence
length lcoh meets the condition lcoh = lλ/s > p1, where λ , p1,
and s denote the wavelength of the x-rays, period of grating
G1, and slit width of G0, respectively. The coherent x-rays in
each slit produce an interference fringe called the self-image
of G1 at the Talbot distance downstream of G1. As shown in
Fig. 2, self-images and grating G2 have the same period.[10]

In order to improve the transmission efficiency of x-rays, a π

phase grating is selected as G1. The m-th order Talbot distance
dm can be calculated from[11]

dm =
mp2

1
8λ

. (1)

Then, the Lau effect occurs if p0/p2 = l/d, where p0 and p2

denote the periods of G0 and G2, respectively. All the inter-
ference fringes are staggered by one period and superimposed
incoherently. Therefore, the contrast of the total interference
fringe is greatly enhanced, even without a highly coherent x-
ray source.

However, the period of a self-image is typically a few mi-
crons, which is smaller than the minimum resolution of CCD
detector. Therefore, a dual-energy analyzer grating G2 is over-
lapped with the self-image at an angle to form large-period
moirè fringes. The coordinates of the self-image and dual-
energy analyzer grating are shown in Fig. 2. A dual-energy
analyzer grating is staggered with low-energy and high-energy
grid bars. The joints of low- and high-energy grid bars align
with the center of bright or dark stripes in the self-image. The

low-energy grid bars convert the low-energy x-rays into vis-
ible light, and the high-energy grid bars block low-energy x-
rays from passing through. The high-energy grid bars convert
high-energy x-rays into visible light, and the low-energy grid
bars allow high-energy x-rays from passing through directly
without being converted to visible light.[8]

self image

0

low energy grid bar

high energy grid bar

↩P2/

↩P2/
P2/

P2/

x

dark stripe

bright stripe

dual energy

analyzer grating

z

Fig. 2. Effect diagram for the dual-energy analyzer grating.

The alternating response of the high- and low-energy grid
bars of G2 to high- and low-energy x-rays are equivalent to
a step in the traditional grating of Talbot–Lau interferometer.
Therefore, it is necessary to ensure that the Talbot distance and
fringe distribution of the self-images in high- and low-energy
x-rays are consistent with each other. According to Eq. (1),
if λl = 3λh, where λh and λl denote the wavelengths of high-
and low-energy x-rays, respectively, the third-order Talbot dis-
tance of low-energy x-ray imaging is equal to the first-order
Talbot distance of high-energy x-ray imaging. Therefore, d
can be calculated from

d =
3p2

1
8λl

=
p2

1
8λh

. (2)

The physical description of object can be expressed by a com-
plex refractive index n = 1−δ + iβ , where the real part δ and
the imaginary part β represent the phase factor and absorption
factor, respectively. The formula for the phase factor[12] can be
derived from Maxwell’s equations as δ = ρλ 2NA∗reZ/2πA∗,
where ρ is the mass density, re is the classical radius of the
electron, NA∗ is Avogadro’s constant, Z is the atomic num-
ber of the element, and A∗ is the atomic mass. Therefore,
if λl = 3λh, the relationship between the phase factors of the
high-energy x-rays δh and the phase factor of the low-energy
x-rays δl is

δl = 9δh. (3)

Assuming that δg is the phase factor of G1, which has
thickness T , the phase change ∆ϕ of the x-rays caused by G1

can be calculated from[13]

∆ϕ =
2π

λ
T δg. (4)
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In DEPCI, G1 is designed to shift the phase of the low-
energy x-rays by π . Correspondingly, G1 shifts the phase of
the low-energy x-rays by 3π . The self-images of the π and 3π

phase grating are consistently distributed.[14]

3. Intensity distribution
As shown in Fig. 3, Σs, Σp, and ΣD represent the source-

grating, phase-grating, and detector planes, respectively, with
Σs being far away from Σp. Furthermore, the size of each slit s
is so small that the incident x-rays are approximated as diver-
gent spherical waves.

y0

y1

Σs

r

l

a

wavefront
U↼x1↪ y1↽

U↼x↪ y↽

y

d

x

z

x0
x1Σp

ΣD

Fig. 3. Schematic diagram of coherent x-rays propagating in DEPCI system.

The complex wave-front amplitude propagating from the
point source a of Σs to Σp is expressed as

U (x1,y1) = T (x1,y1)exp( jkl)

× exp
{

jk
2l
[x2

1 +(y1− y0)
2]

}
, (5)

where T (x,y) is the transfer function of the phase grating and
k = 2π/λ is a wavevector. After passing through the phase
grating, the spherical wave follows the Fresnel–Kirchhoff
diffraction. The complex wavefront amplitude U (x,y) at ΣD

is

U (x,y) =
∫∫

U (x1,y1)
exp(ikr)

r
dx1 dy1, (6)

where r represents the distance from a point in Σp to a point in
ΣD. The sample size is much larger than the x-ray wavelength,
so it conforms to the paraxial approximation, i.e.,

r =

√
(x− x1)

2 +(y− y1)
2 +d2

= d

√
1+
(

x− x1

d

)2

+

(
y− y1

d

)2

≈ d +
(x− x1)

2 +(y− y1)
2

2d
. (7)

The approximation is reached by substituting d for r in the de-
nominator of Eq. (6). In the numerator, a change in r will cause
the exponential value to change dramatically. Therefore, if r
in the numerator takes a second-order approximation as shown
as Eq. (7), then equation (6) can be written as

U (x,y) =
exp [ jk (l +d)]

jλd

∫∫ +∞

−∞

T (x1,y1)

× exp
{

jk
2l

[
x2

1 +(y1− y0)
2
]}

× exp
{

jk
2d

[(x− x1)
2 +(y− y1)

2]}dx1 dy1. (8)

Equation (8) can be reorganized into

U (x,y) =
1

M2 Θ (x,y,y0)×
∫∫ +∞

−∞

T
(x1

M
,

y1

M

)
× exp

{
jk

2Md

[
(x− x1)

2

+

(
y+

d
l

y
0
− y1

)2 ]}
dx1 dy1 (9)

with

Θ (x,y,y0) =
exp [ jkMl]

jλd
exp
[

jk
M−1
2Md

x2 +
jk
2d

y2
0

]
.

The Fourier series of the transfer function of G1 is

T (x) =
+∞

∑
−∞

cn exp
(

i
2nπ

p1
x
)
, (10)

where cn = sin(π/2)sinc(n/2) (n=±1±2, . . .) is the Fourier
coefficient. In DEPCI, l � d, so the magnification M =

(l +d)/l ≈ 1. Combining Eq. (9) with Eq. (10) yields

U (x) =
+∞

∑
−∞

cn exp
(

i2π
n
p1

x
)

exp
[
− iπλ z

(
n
p1

)2]
. (11)

When a sample is placed in the DEPCI system, x-rays
undergo amplitude (A(x)) attenuation and phase (ϕ(x)) shift.
According to Ref. [15], the transmission function M(x) of the
sample is

M (x) = A(x)exp [iϕ (x)] . (12)

The phase grating G1 splits the x-rays, producing a shear
expressed as s = zλ/p1. In particular, zeroth-order diffrac-
tion results in enhanced background imaging, which reduces
the fringe contrast. The π phase grating eliminates the zeroth-
order diffraction, allowing more than 80% of the intensity to
be concentrated on the ±1st order diffraction.[16] Therefore,
in this paper we only consider the ±1st order diffraction and
p2 = p1/2.[17] Combined with Eq. (12), equation (11) can be
written as

U (x,z) = c1A(x− s)exp[iϕ(x− s)]exp
[

i
2π

p1

(
x− λ z

2p1

)]
+c−1A(x+ s)exp [iϕ (x+ s)]

× exp
[

i
2π

p1

(
−x− λ z

2p1

)]
. (13)

For hard x-rays in light-element objects, the shear quan-
tity of the amplitude attenuation is quite small, so we can
reasonably take the following approximation: A(x− s) ≈
A(x+s) ≈ A(x). Due to c1 = c−1 = π/2, the intensity dis-
tribution at ΣD is

I (x,z) = U (x)U∗ (x)
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=
8

π2 A2(x)
[

1+ cos
2π

p2

(
x− λ z

2π

∂ϕ(x)
∂x

)]
, (14)

where the value of ϕ (x) and A2 (x) are calculated from
Φ =(2π/λ )

∫
δ (x,y,z)dz, and A2 = exp(−

∫
µ (x,y,z) dz),[18]

where µ (x,y,z) is the linear absorption coefficient.
µ (x,y,z) = ∑i Ni (x,y,z)σ a

i , where Ni (x,y,z) and σ a
i are the

atomic density and absorption cross section of element i. In
the diagnostic range of x-ray energy, the absorption cross
section σ a

i as a function of x-ray energy is shown in Fig. 4.
Curves for light elements (Z < 10) such as Li, C, N, O are
shown. The value of σ a

Li, σ a
C, σ a

N, and σ a
O from the tables pub-

lished in Ref. [19] are adopted.
It should be noted that as the x-ray energy increases, the

values of the absorption cross sections σ a
i tend to be constant

and their dimensions are on the order of 10−23. This means
that the linear absorption coefficient µl (x,y,z) of the low-
energy x-ray and the linear absorption coefficient µh (x,y,z) of
the high energy x-ray are approximately consistent with each
other.
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Fig. 4. Curves of absorption cross section versus x-ray energy for 4
different light elements.

4. Phase recovery method
As shown in Fig. 5, χ represents the relative displace-

ment between the self-image and G2. With alternating high-
and low-energy grid bars along the x axis, the normalized in-
tensity of a pixel changes sinusoidally. The duty cycle of G2

is 1:2. When a single pixel contains N periods of self-imaged
fringes, the intensity of a single pixel is given by

I =
∫

χ+p2/2

χ

I (x,z)dx

+
∫ p2+χ+p2/2

p2+χ

I (x,z)dx+ · · ·

+
∫ (N−1)p2+χ+p2/2

(N−1)p2+χ

I (x,z)dx. (15)

If we assume the optical coupling efficiency of G2 to be an
ideal value, and consider Eq. (14), we can rewrite Eq. (15) as

I = NA2 p2

{
1
2
+

1
π

cos
(

2π

p2
θz−α

)}
, (16)

where θ = (λ/2π)(∂ϕ(x)/∂x) is the refraction angle[20] and
α = 2πχ/p2. In the DEPCI experiment, two interferograms
are collected by using the setup as shown in Fig. 1, first at low
energy corresponding to χ = −p2/4, and second at high en-
ergy corresponding to χ = p2/4. The refraction angle caused
by the same object under low- and high-energy x-rays are ex-
pressed by θl and θh, respectively. The intensity obtained by
the detector in low- and high-energy x-ray imagings are de-
noted by Il and Ih, respectively. According to the expression
for θ , we can conclude that θl = 9θh. Consequently, the inten-
sities Il and Ih are

Il = NA2 p2

{
1
2
− 1

π
sin
[

2π

p2
9θhz

]}
,

Ih = NA2 p2

{
1
2
+

1
π

sin
[

2π

p2
θhz
]}

.

(17)

Solving the above equations gives

θh =
p2

4z
(Ih− Il)

Il +9Ih
. (18)

This is similar to the formula mentioned in Ref. [21]. The ab-
sorption information of the sample can also be further obtained
as follows:

A2 =
9Ih + Il

5N p2
. (19)

self image

single pixel
x

Np2

G2

χ

Fig. 5. Model for detecting self-image by using dual-energy analyzer
grating.

5. Simulation and experiment
5.1. Simulation of DEPCI system

To demonstrate the feasibility of the proposed method,
we simulated the imaging procedure of DEPCI with a
PMMA-formvar ball. The ball had an average density ρ =

1.19 gm/cm3, and filled half of the entire field of view. To
meet λl = 3λh, 20-keV and 60-keV x-rays were selected as
sources with low energy El and high energy Eh by using
λ = 1.24× 10−9/E (keV).[22] After the appropriate normal-
ization of the two interferograms in intensity, the calculations
of the normalized interferograms as shown in Eq. (18) yielded
the phase contrast image of the sample, which is shown in
Fig. 6(a). Its relevant line profile is shown in Fig. 6(b).

As shown in Fig. 6(a), a clear phase contrast image of the
PMMA-formvar ball can successfully and clearly be obtained.
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Furthermore, it can be seen from Fig. 6(b) that the simula-
tion results are consistent with the experimental results from
Ref. [3]. The refraction effect is obvious at the edge of the
ball, which proves that the method of phase retrieval given by
Eq. (18) is applicable to DEPCI.
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1.0

D
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re
n
ti
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p
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se

(b)

(a)

Fig. 6. (a) Phase contrast image, (b) line profile corresponding to red
line in panel(a).

5.2. Experiments

During the DEPCI experiment, the focal spot size of the
conventional tungsten target x-ray source was 1 mm×0.8 mm.
An x-ray energy radiation detector was used to calibrate the
energy of x-rays. Since the required exposure decreased as the
difference between the two energies increased,[23] the wide-
spectrum x-rays with the central photon energy of 20 keV and
60 keV were selected as the values of low and high energies,
respectively. The tube current was also adjustable from 2 mA
to 4 mA. The duty ratios of G0 and G1 were 1:3 and 1:2, re-
spectively. The following parameters were used in the simula-
tion: p0 = 24.6 µm, p1 = 9.6 µm, p2 = 6 µm, d = 55.7 cm,
and l = 228.4 cm. The sample was a crayfish, and p2 was
coupled with a 2048×2048 pixel (96 µm/pixel) CCD camera.
The exposure time of each interferogram was 8 s. The phase
and absorption contrast images of the sample can be obtained
by Eqs. (18) and (19). The effects of the reconstructed images
are shown in Figs. 7(a) and 7(c). Furthermore, for the sake of
analysing the effect of DEPCI, we performed a four-step phase
stepping by using a Talbot–Lau interferometer. The central
photon energy of wide spectrum x-rays was 30 keV. The ef-

fects of the reconstructed images are shown in Figs. 7(b) and
7(d). Two body parts of the sample marked in Figs. 7(a) and
7(b) were used to fit the data, and the results are shown in
Figs. 7(e) and 7(f).
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0.4

0.8 DEPCI
four step phase shifting
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(a) (b)

(c) (d)

1 cm1 cm

1 cm 1 cm

(f)

(e)

Fig. 7. (a) Phase contrast image using DEPCI system, (b) phase contrast
image using Talbot–Lau interferometer, (c) absorption contrast image
using DEPCI system, (d) absorption contrast image using Talbot–Lau
interferometer, (e) data fitting for the cross-section of solid line in pan-
els (a) and (b), and (f) data fitting for cross-section of dashed line in
panels (a) and (b).

From the extracted information shown in Fig. 7, it can be
intuitively seen that the structural characteristics of the sample
are successfully demonstrated. The energy of the x-rays used
in the Talbot–Lau interferometer was different from that used
in DEPCI during the experiments. Illuminating the same ob-
ject, the x-rays with different energies will produce different
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phase shifts. In this case, if the trends presented in the two
reconstructed phase contrast images are consistent and corre-
spond to the structure of sample, we can determine that the
reconstructed images are correct. As can be seen in Figs. 7(e)
and 7(f), the trend of the differential phase obtained by the pro-
posed method is almost the same as that obtained by four-step
phase stepping.

However, the DEPCI has a disadvantage that it cannot be
used for dark field imaging. In Ref. [24], equation (16) is writ-
ten in Fourier series. The 0th and 1st Fourier coefficients con-
stitute the expression of dark field information of object. In
the DEPCI, only the ratio of 0th Fourier coefficients can be
calculated through the relationship between high and low en-
ergies of x-rays, while the 1st Fourier coefficients cannot. Fur-
thermore, the surface contrast in dark field imaging requires
sufficient intensity of incident x-rays.[25] From Figs. 7(a) and
7(c), we can see clearly that the intensity obtained by the DE-
PCI system is weak, compared with the intensity obtained by
the Talbot–Lau interferometer. This indicates that the x-ray
energy utilization in the DEPCI system was low. Future im-
provements to the design of the dual-energy analyzer grating
and grating fabrication process may break through this limita-
tion.

6. Conclusions and perspectives

In this paper, we present theoretical calculations for DE-
PCI. Furthermore, by exploiting the intrinsic phase change
and characteristics of linear absorption coefficient of low-
and high-energy x-rays, a method of retrieving the phase
for DEPCI is found. The results of simulation and experi-
ment demonstrate that this method is suitable for DEPCI. The
phase-contrast image recovered from the two interferograms
collected by the DEPCI without moving any device has a sim-
ilar effect to the phase-contrast image recovered from the four
interferograms collected by the Talbot–Lau interferometer by
moving the grating four times. Due to the short exposure time,
high stability, and computed tomography (CT) compatibility,

the DEPCI may become, we believe, a popular method of ob-
taining the x-ray grating phase contrast imaging.
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